Piezoelectric wafer active sensors (PWAS) are lightweight and inexpensive transducers that enable a large class of structural health monitoring (SHM) applications such as: (a) embedded guided wave ultrasonics, i.e., pitch-catch, pulse-echo, phased arrays; (b) high-frequency modal sensing, i.e., electro-mechanical impedance method; and (c) passive detection. The focus of this paper is on the challenges posed by using PWAS transducers in the composite laminate structures as different from the metallic structures on which this methodology was initially developed. After a brief introduction, the paper reviews the PWAS-based SHM principles. It follows with a discussion of guided wave propagation in composites and PWAS tuning effects. Then, the mechanical effect is discussed on the integration of piezoelectric wafer inside the laminate using a compression after impact. Experiments were performed on a glass fiber laminate, employing PWAS to measure the attenuation coefficient. Finally, the paper presents some experimental and multi-physics finite element method (MP-FEM) results on guided wave propagation in composite laminate specimens.
INTRODUCTION
Structural health monitoring (SHM) is an emerging technology with multiple applications in the evaluation of critical structures. The goal of SHM research is to develop a monitoring methodology that is capable of detecting and identifying, with minimal human intervention, various damage types during the service life of the structure. In the literature, many publications dealing with the propagation of guided waves in a harmonic or transient excitation can be found. The simplest case concerns that of a healthy environment that is to say without damage, simple geometry, and made of homogeneous isotropic materials. This case was treated by classical such as Lamb (1) and Viktorov (2) . Auld (3) used the method of superposition of partial waves to solve the Lamb waves problem. Other researchers have used other methods to describe the Lamb waves. Achenbach (4) determined the displacement components in terms of thickness motion superimposed on a membrane carrier wave which defines the propagation along the plate. The advantage of this technique is that the movement of the membrane can be determined independently. Achenbach and Xu (5) developed this technique for the case of a point source of harmonic pressure applied either to the surface or within a plate. This technique was also used for the case of an axisymmetric harmonic source (5) . Hayachi and Endoh (6) calculated and visualised the propagation of Lamb waves using a hybrid method. Moreno et al (7) used the Fourier transform to study the propagation of a pressure pulse in an isotropic elastic plate. Other studies have been developed for the case of anisotropic media. Rose (8) treated the problem of the influence of the source on the propagation of Lamb waves in the three space directions. He used an analytical technique based on the asymptotic approximation to evaluate the far-field displacements in a composite plate. Nayfeh and Chimenti (9) studied the problem of Lamb waves dispersion curves in anisotropic plates, while Liand and Thompson (10) determined the Lamb waves dispersion curves in monoclinic symmetry and also for higher symmetries. All propagation media mentioned above are monolayers. However, in recent years, studies of multilayer materials have also been developed. Nayfeh (11) used the transfer matrix method to solve the problem of propagation of Lamb waves in an anisotropic layered material. In a more recent article, Lowe (12) gives a summary review of existing techniques for modeling ultrasonic wave propagation in multilayer structures. This article also includes details of the transfer matrix and global matrix methods. Pierce et al (13) determined the characteristics of Lamb waves in the case of structures composed of layers of composite materials and hybrid type laser excitation. Liu et al (14) studied the case of the propagation of Lamb waves by multi-element transducers. As we can see, the list of research on the propagation, excitation and reception of Lamb waves is long and is far from exhaustive. Guided waves open the way for SHM on long distance, with the hope of developing self-sensing structures of large dimensions without necessarily increasing the number of sensors and thus without increasing the complexity of the monitoring system.
For guided wave in composite laminate structure, there are advantages in using small piezoelectric wafer active sensors (PWAS) that can be embedded inside the laminate composite (15) . In fact, there are two possibilities of integration PWAS transducers for SHM systems: (i) bonded on the composite structure; and (ii) embedded into the composite laminate structure. Besides the problems inherent in this integration, such as connectivity, the problem of integration raises two points that must be answered: (i) monitoring the integrity of the structure and sensors; and (ii) robustness of the method against anomalies in the integration of sensors. Indeed, the insertion of a foreign element in a host material has the immediate effect of locally modifying the mechanical behavior of the structure. It is therefore imperative to study the effect of the insertion of the sensor on the mechanical properties of the structure and vice versa. Reference may be made to the thesis of Blanquet which focused exclusively in this study (16) . On this subject, Lin and Chang (17) conducted mechanical tests on the impact of integrating piezoelectric sensor network in the middle of a composite material. Bending tests, shear tests, short beam bending tests and compression tests were performed on different samples. These tests showed that there is no noticeable effect on the integrity of the structure (17) . This proves that this system can be used without degrading the mechanical properties of the structure. However, to ensure that there is really no degradation, we conduct a study on the mechanical effect of such integration on compression after impact. Damages mechanisms in composite material subjected to impact are very complex and can be predicted by finite element (18) . In this study, the goal is not to proposed a SHM system to detect and quantify the damaged due to impact but to study the effect of the insertion of PWAS transducer in a composite material.
The present paper presents and discusses the challenges and opportunities related to the use of piezoelectric wafer active sensor (PWAS) transducers in generating and sensing guided waves in composite laminate structure. The multi-physics finite element method (MP-FEM) implementation allows for the consideration of the contributions of the active material, and the laminate structure. After a brief introduction, the paper reviews the PWAS-based SHM principles. It follows with a discussion of guided wave propagation in composites and PWAS tuning effects. Experiments were performed on a glass fiber laminate, employing PWAS to measure the attenuation based on the Rayleigh damping coefficients due to the viscoelasticity of the composite material. Finally, the paper presents some experimental and MP-FEM results on guided wave propagation in composite laminate specimens. The paper ends with summary and conclusion; suggestions for further work are also presented.
PIEZOELECTRIC WAFER ACTIVE SENSORS (PWAS)
PWAS are the enabling technology for active SHM systems. PWAS couple the electrical and mechanical effects (mechanical strain, S ij , mechanical stress, T kl electrical field, E k , and electrical displacement D j ) through the tensorial piezoelectric constitutive equations:
. . . (1) Where, S E ijkl is the mechanical compliance of the material measured at zero electric field E = 0 ε jk is the dielectric permittivity measured at zero mechanical stress T = 0, and d jkl represents the piezoelectric coupling effect. PWAS utilise the d 31 coupling between in-plane strains, S 1 , S 2 , and transverse electric field, E 3 . Just like conventional ultrasonic transducers, PWAS utilise the piezoelectric effect to generate and receive ultrasonic waves. However, PWAS are different from conventional ultrasonic transducers in several aspects (19) :
• PWAS are firmly coupled with the structure through an adhesive bonding, whereas conventional ultrasonic transducers are weakly coupled through gel, water, or air.
• PWAS are non-resonant devices that can be tuned selectively into several guided wave modes, whereas conventional ultrasonic transducers are resonant narrow-band devices.
• PWAS are inexpensive and can be deployed in large quantities on the structure, whereas conventional ultrasonic transducers are expensive and used one at a time.
S s T d E
PWAS transducers can serve several purposes (19) : (a) high-bandwidth strain sensors; (b) high-bandwidth wave exciters and receivers; (c) resonators; (d) embedded modal sensors with the electromechanical impedance spectroscopy method. By applications types, PWAS transducers can be used ( Fig. 1) for (i) active sensing of far field damage using pulse-echo, pitch-catch, and phased-array methods, (ii) active sensing of near field damage using high frequency electromechanical impedance spectroscopy and thickness gage mode, and (iii) passive sensing of damage-generating events through detection of low-velocity impacts and acoustic emission at the tip of advancing cracks. pulse-echo; thickness mode; and passive detection of impacts and acoustic emission (19) .
THEORY OF GUIDED WAVE IN COMPOSITE MATERIALS
Different analytical methods depending on the studied material have been developed to describe the propagation of Lamb waves in sound structures. Almost all these techniques are based on the equations of motion (3) :
And the Hooke law (20) :
.
. . (3)
Where σ ij is the stress tensor, C ijkl the elasticity tensor, u the displacement field and ρ the density. The superscript ANA means analytical. In the case of isotropic plates, the dispersion curves can be drawn from the solution of the equation of Rayleigh-Lamb. For composite materials, there are different methods (transfer matrix, global matrix, stiffness matrix, etc.) that can be used to solve our problem. We used the transfer matrix applied to anisotropic composite plates (11) . This method has the advantage of being stable for small values of
We first consider a composite plate composed of orthotropic plies (Fig. 2) . Assuming that each layer is made up of an orthotropic material with known properties, as defined by the layer stiffness matrix: 
C'
Or, explicitly:
Where:
The stiffness matrix in the global co-ordinate system is:
We assume the wave direction set at θ = 90°. Then the solution can be written as:
Where ξ is the wavenumber, v = ω/ξ is the phase velocity, ω is the circular frequency, α is an unknown parameter, and U i is the displacement magnitude. The equation of motion is:
. . . (9) . . . (5) . . . (6) . . . (7) . . . (8) 

Substituting Equation (7) into Equation (8), we have:
. . . (10) Note that the direction 2 is not coupled with the other direction. This means that the shear horizontal (SH) wave would be decoupled from the other two modes of propagation. This system accepts non trivial solution if:
. . . (11) Following Nayfeh (11) , we obtain the following formulation:
. . . (12) With:
And:
. . . (14) Denote by P the left hand side of Equation (11), i.e. the vector that contains Equation (14), P, the displacements and stresses. Then denote by X k the 4 × 4 matrix, by U the vector containing the U li elements, and by D the diagonal matrix with . Thus Equation (11) can be written as:
Through this equation it is possible to link the displacements and the stresses of the bottom layer with those of the top layer. For the upper and lower layer of the kth layer we have, respectively:
Where D -k for the case where x 3 = 0 and D
We can write: 
Applying the above procedure for each layer, it is possible to relate the displacement and the stresses at the upper surface of the layered plate to those of the lower surface via the transfer matrix multiplication:
The total transfer matrix is:
. . . (20) To obtain the dispersion curve we must impose stress-free conditions at the upper and lower surfaces, this leads to the characteristic equation:
. . . (21) 
EFFECT OF THE INSERTION OF A PIEZOELECTRIC WAFER IN LAMINATED COMPOSITE
For use in maintenance, the insertion of a SHM system in the composite structure during manufacturing appears to be a major advancement in order to develop the multi-functional aspect. However many questions arise about the reliability over time of such a system. This is particularly the case for the connection, the reliability of sensors, and the possible influence of the latter, especially piezoelectric wafer on the integrity of the structure. The following study examines the potential degradation initiation to damage by impact at low and relatively high energy.
To simulate the insertion of PWAS, a Teflon patch is embedded in the middle of the laminate during its infusion manufacturing. The influence of the patch diameter size is studied. Indeed, the defect introduced by the patch may play a role in the mechanism of damage within the glass plies. A correlation is attempted between the initial size of the insert and loss of mechanical performance residual post-impact. The reference test is the transverse compression test on a plate previously impacted (ASTM D 7137) (Figs 3(a) and 3(b)) to characterise the residual strength of an impacted structure. A comparison will be conducted between healthy material and with insert patch before and after impact.
Compression after impact
The compression tests are carried out post-impact compression machine on quasi-static compression capacity of 150KN. The compression after impact method has been developed to simulate controlled defects or to characterise the damage following an impact. Several methods have been developed by various organisations. The best known of these is that created by the industry Boeing (Fig. 3(b) ). This compression test allows you to easily identify the delamination in contrast to plane shear tests more difficult to achieve. This test corresponds to ASTM D 7137 ('Standard Test Method for Residual Compression Strength Properties of Damaged Polymer Matrix Composite Plates'). This standard describes the method of impact test used prior to compression test and the specimen dimensions to use. The sides and bottom of the test piece are held by a same room. The sides are simply straight linear bearing, while the underside and the top of the test piece are embedded. The support of the sides of the test piece prevents buckling thereof. This is the moving part above that will ensure the compressive force. A prediction of the buckling mode associated with this load can be carried out by finite element modeling of the buckling. The Euler buckling modes considered show the presence of blisters that will be found in the tests. Indeed, the specimen undergoes, at the beginning of loading, a blister-type buckling (Fig. 4(a) ), then abruptly changes in buckling shaped 'S' (Fig. 4(b) ). This buckling could result in a change of boundary conditions in the intensity of loading on the specimen. 
Drop weight impact tower
The principle here is to impact a clamped plate with a tool preset mass falling from a height, thus defining the impact energy. The impact mass is composed of two subsets: (i) A carriage that falling weight) ( Fig. 5(a) ).
(ii) A hemispherical striker makes contact between the specimen and the falling mass ( Fig. 5(b) ). Also the bench is instrumented with two sensors: (i) A piezoelectric sensor located between the striker and the movable carriage allowing a dynamic measurement of the impact force. (ii) A laser displacement sensor for measuring precisely the movement of the striker.
The reference parameter is the impact energy. It is controlled by the automatic positioning of the mass to the corresponding height of fall.
Results
An instrumented composite plate is clamped between two steel frames with an aperture of 100mm diameter area of impact. The clamping force is provided by two pneumatic cylinders. Delamination in the specimen occurs when the arrow is maximal. Obviously this depends on the impact energy. More energy will be high, most damage phenomena are observed followed by delamination of the fiber break up the total breakdown in impacted area. The tests were conducted for two impact energies of 15 and 50J. Table 1 summarises the energy absorbed calculated on curves force/displacement for the two test configurations. The energy absorbed during testing at 15 and 50J of the different types of specimens is almost identical, the order of 8 and 33J, respectively. Furthermore, we find that the influence of the patch is low and show no tendency to absorb energy upon impact. Figure 6 . Damage mechanisms of an impact composite laminated structure (21) . Figure 7 . Picture of a cross section of a plate impacted at 15J without insert (15) . Figure 8 . Picture of a cross section of a plate impacted at 15J with insert (15) . Damage mechanisms associated with an impact present a 'cone effect' propagating in the thickness under the impact point on the principle recalled in Fig. 6 . Figures 7 and 8 show a cross section picture after 15J impact without and with insert, respectively. As we can observe, the impacted area remains similar for these two cases.
However, Figs 9(a) and 9(b) show the diagram influence of the insert on the impact cone propagation without and with a patch insert respectively.
To quantify the effect of the insert after an impact, a Boeing test is performed. All the different results are summarised in terms of stiffness and the ultimate strength for the different case in Figs  10 and 11. Figure 10 shows that the compressive stiffness has no effect with an insertion of a patch which can be assimilate instead a PWAS. However the results obtained for specimens with inserts are more dispersed compared to the results of healthy specimens. Figure 11 shows the ultimate strength versus the diameter of the insert (patch) for three cases (no impact, 15 and 50J impact). As we can observe, the 5mm diameter patch has no effect on the ultimate strength. However, the 20mm diameter has the effect to decrease the ultimate strength after an impact of 15 and 50J.
In conclusion, the integration of a patch of diameter smaller than 10mm has no effect on the stiffness and the ultimate strength before and after an impact of 15 and 50J. This agreement with the conclusion of Lin et al (17) give us the demonstration of the capabilities to embed small patch inside the glass composite laminate, the next part presents the guided wave propagation in anisotropic material with the measurement of Rayleigh damping coefficients. (15) . Figure 10 . Stiffness measure effect of the impact on the composite with different diameter patch. The thickness of the patch is 0·2mm. Figure 11 . Ultimate strength measure effect of the impact on the composite with different diameter patch. The thickness of the patch is 0·2mm.
GUIDED WAVE PROPAGATION IN COMPOSITE LAMINATE

Experimental set-up
The structure under investigation is a Norplex-Micarta 'NP130' fiberglass plate consisting of a woven glass fabric substrate combined with an epoxy resin. This material is commonly used in naval industry. All the plies are oriented in the same direction, so the resulting laminate is symmetric and presented two main directions with very similar elastic properties at 0° and 90°. The plate dimension is 850 × 850 × 3·2mm 3 and the material density is 1,960kg/m 3 . For the modeling of the dispersion curves of Lamb modes, we were inspired by the method described in the literature (11) using the elasticity matrix [C] of specimen (22) : . . . (22) Sixteen PWAS transducers (Steminc SM412, 8·7mm diameter disks) are used for Lamb wave propagation analysis, involving various angular directions. The PWAS network bonded on the glass laminate is described on Fig. 12 . We performed the experimental acquisitions; from 1 to 300kHz step 6kHz, using T-PWAS as transmitter, and the other PWAS disks as sensors. As exciting signals we used three tone-burst sine cycles with Hanning window, having maximum amplitude 20 Volts.
Wave propagation with attenuation
To simulate structural damping, stiffness and mass proportional coefficients damping can be introduced in the finite element method (FEM) of most commercial packages. This Rayleigh damping is defined as .
. . (23)
where α M and β k are the mass and stiffness proportionality coefficients. The mass proportional damping coefficient α M introduces damping forces caused by the absolute velocities of the model and so simulates the idea of the model moving through a viscous 'medium'. The stiffness proportional damping coefficient β k introduces damping proportional to the strain rate, which can be thought of as damping associated with the material itself. With the application of this principle, the coupled-field FEM matrix element can be expressed as follows (24, 25) :
. . . (24) where ] is the dielectric conductivity. We can also write in terms of the damping ratio, ζ:
. . . (25) Where C c is the coefficient of critical damping and ω is the circular frequency ω = 2πf and f is the frequency. The logarithmic decrement (23) is expressed as follows:
. . . (26) Where u is amplitude and u n is the amplitude of vibration after n cycles. Since ζ is a very small number, its square is much less than unity. So the denominator in Equation (26) is assumed to be unity. Equation (26) then becomes:
. . . (27) When the frequency is very high (above 5MHz), vibration, which is global phenomenon, becomes a local phenomenon (26) , which represents no damping effect on the wave propagation. In our case, specifically on guided wave in composite laminate, with the frequency range 50kHz to 500kHz, the Rayleigh damping play a fundamental role on Lamb wave propagation.
The amplitude of Lamb modes are A 1 and A 2 and the time of flight (ToF), of Lamb mode are t 1 and t 2 at arbitrary reference positions, x 1 and x 2 , respectively. If C g is the group velocity of the mode (S, A, and SH modes), then the following expression represents the ToF, C g and distance of travel:
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If k I (ω) is the attenuation coefficient of the viscoelastic medium, the following equation can be written for obtaining the amplitude ratio (8, 28) :
. . . (29) . . . (30) Assuming that the locations of reference positions were chosen in such a way that ∆t can be expressed as the product of the number of cycles (n) and wave period (T = 1/f), and substituting the same in Equation (30), we have:
. . . (31) From equation , by substituting the value of n in equation , we have:
. . . (32) Then we have:
. . . (33) The parameter k I (ω) is called attenuation in neper (Np) par length. The unit neper is dimensionless; it specifies the base of the decay to be e (compared to the unit decibel (dB) which specifies the base of the decay to be 10 (1Np = 20log 10 e = 8·868db). To implement proportional damping in numerical modeling, α M and β K values have to be known.
Assume that stiffness proportional damping for the Lamb wave is zero. Then Equation will be:
. . . (34) Substituting Equation in Equation , we obtain:
. . (35)
Equation gives the value of mass proportional damping. For a given composite laminate, k I (ω) has to be determined experimentally and C g is theoretical calculated. Now, to estimate the stiffness proportional damping β K , we assumed that the mass proportional damping is zero. Then Equation will be:
. . . (36) Substituting Equation (36) in Equation (33), we obtain:
Equation (37) gives the value of stiffness proportional damping. The relation between α M and β K can be written as (28) : . . . (38)
RESULTS AND DISCUSSIONS
Dispersion curve in composite laminate
A computer code was developed to predict the wave propagation in a laminate composite using the analysis method presented in papers (9) . Figures 13(a) and 13(b) show the dispersions curves obtained in the field f × d <1·6MHz.mm and C p < 5km/s (anti-symmetric mode (A) in blue, symmetrical mode (S) in red, and shear horizontal mode (SH) in green).
The practical frequency ranges from the very low frequencies, where only the three fundamental modes can propagate in the structure, up to approximately 280kHz. Beyond this point, single mode excitation becomes more difficult due to numerous modes that the structure supports at higher frequencies. Figure 14 shows the experimental dispersion curve for the propagation path at 0°. As we can observe, only two modes are present, A0 and S0 mode. Moreover the velocities of these modes have an acceptable match with the theoretical dispersion curve. The SH0 mode is not present because the PWAS has no capability to excite and to catch this shear mode.
Tuned guided waves in composite laminates
The tuning between PWAS transducers and guided waves in isotropic metallic plates is relatively well understood and modeled (19) . The gist of the concept is that manipulation of PWAS size and frequency allow for selective preferential excitation of certain guided wave modes and the rejection of other guided wave modes, as needed by the particular SHM application. A similar tuning effect is also possible in anisotropic composite plates, only that the analysis is more complicated due to the anisotropic wave propagation characteristics inherent in composite materials and also due to the Rayleigh damping effect depending of the frequency. To verify our analysis, we performed experiments on a composite plate with a PWAS transmitter and several PWAS receivers installed along various directions with respect to the fiber orientation in the top layer of the laminate plate. The distance between the receivers and the transmitter was 250mm. The increment angle between sequential receivers was 30 degree. Smoothed 3-count tone-burst excitation signals were used with frequency varying from 30 to 300kHz in steps of 6kHz. At each frequency, we collected the wave amplitude and the time of flight for all the waves present. Only two guided wave modes were selected in this study: S0, and A0. Figures 15 and 16 show the experimentally measured signal amplitudes for both guided waves, S0 and A0 mode, at different angles 0, 30, 60 and 90 degree, respectively. The S0 mode reaches a peak at 150kHz and then decreases. The A0 reaches a peak response at 30kHz and then decreases. In fact, the A0 mode disappears as soon as the SH wave appears in theory. However, with our PWAS receiver geometry and properties, the SH mode cannot be caught by these PWAS.
Rayleigh damping analysis
The essential parameter required to estimate the Lamb wave attenuation constants is the attenuation coefficient, K I . This value depends on frequency, Lamb mode, nature of medium of propagation, etc. For modeling attenuation of the Lamb wave, an important parameter to be measured from experiments is the attenuation coefficient, i.e. K I . The experiment was carried out on a GFRP laminate of 3·2mm thickness to determine the attenuation coefficient. These values were used in numerical modeling of Lamb wave attenuation. Figures 17(a) and 17(b) show the received signal acquired at 200 and 300mm from the transmitter with an excitation frequency of 30 and 150kHz. The attenuation coefficients can be estimated experimentally by taking two received signals at two different, known separation distances between the transmitter and the receiver (27) . Once k I , C g and f are known, α M and β K can be computed using Equations (35) and (37), respectively. These values can be used to capture the material attenuation of the Lamb mode in numerical modeling. Figure 18 shows the average values for all directions and the trend of the mass proportional damping α M versus the frequency between 30 and 300kHz. The mass proportional damping for A0 mode increases with the frequency between 30 and 156kHz and decreases between 162 and 198kHz, then increases between 204 and 300kHz. However, below 150kHz, the magnitude of A0 mode is very small and hard to catch and measured as shown in Fig. 16 . The mass proportional damping for S0 mode increases with the frequency between 30 and 102kHz and decreases between 108 and 162kHz, then increases between 164 and 300kHz. Moreover, the mass proportional damping α M of S0 mode is bigger than for A0 mode. The ratio between the mass proportional damping α M of S0 and A0 mode is between 1·5 and 3. Figure 19 shows the average values for all directions and the trend of the stiffness proportional damping β K versus the frequency between 30 and 300kHz. The stiffness proportional damping for A0 and S0 mode decreases with the frequency between 30 and 300kHz. Moreover, the stiffness proportional damping β K of S0 mode is bigger than for A0 mode. The ratio between the mass proportional damping α M of S0 and A0 mode is between 6 and 12.
The difficulty appears when the guided wave propagation is multi-modal, i.e. at 150kHz. Figures  18 and 19 show that for a single excitation frequency, the mass and stiffness proportional damping is different for the S0 and the A0 modes, i.e. we cannot find a common combination of α M and β K that simultaneously satisfies the A0 and S0 modes. 
FEM model
The aim of the numerical studies is to systematically investigate the robustness of the proposed Lamb-wave-based methodology for anisotropic composite laminates. The finite element (FEM) is employed to simulate Lamb wave propagation. The effectiveness of conventional finite element modeling of elastic waves propagating in structural components has been shown in the past. The case of Lamb waves in free isotropic plates is a classic example (29, 30) . The commercial software used in the present study, ABAQUS, is based on a central difference method (31) . In preliminary studies (32, 33) , we investigated how the group velocities of the S0 and A0 waves vary with mesh density (nodes per wavelength), N = λ/L where λ is the wavelength and L is the size of the element for an isotropic structure. For a 1-D wave propagation problem, we choose a mesh size of 0·1mm corresponding to N = 76, which mitigated a reasonable accuracy with an acceptable computation time. However, this small mesh size of 0·1mm is not practical for 2D wave propagation because of considerable long time of calculation. In our 2D case, we choose a mesh size of 0·5mm which gives an acceptable computation time and reasonable accuracy. The fundamental anti-symmetrical mode (A0) is preferable and more sensitive to damage because its wavelength is shorter than that of the S0 mode at the same frequency. However, the A0 mode exhibits more dispersion at low frequencies. The FEM simulation of the A0 mode requires fine spatial discretisation with substantial computational cost for the sake of the short wavelength. In contrast, the mode shapes of the S0 mode are simpler and the stresses are almost uniform throughout the thickness of the plate at low values of the frequency-thickness product. For these reason, the two modes S0 and A0 were selected in this study to compare with the experimental results.
The use of multi-physics finite element method (MP-FEM) allows us to directly apply the excitation voltage at the transmitter PWAS (T-PWAS) and directly record the capture signal at the receiver PWAS (R-PWAS). We used the ABAQUS implicit code to simulate the generation of Lamb waves in a 3·2mm laminate glass fiber plate with surface mounted 8·7mm round PWAS placed as shown in Fig. 12 . The plate was discretised with S4R shell elements of size 1mm in the xy plane (mesh density comprised between N = 23 and N = 8 elements per wavelength). Each laminate is composed of three integration points. The PWAS transducers were discretised with the C3D8E piezoelectric element. We modeled the electric signal recorded at the R-PWAS due to an electric excitation applied to the T-PWAS which generated ultrasonic guided waves travelling through the plate.
The APC-850 material properties were assigned to the PWAS as (26) :
. . . (39) . . . Figure 20 shows the MP-FEM simulation electric signal measured at R-PWAS placed 200mm from the T-PWAS. The predicted signal using the damping coefficients calculated with the experimental data is compared with the predicted signal without damping coefficients. To simplify the damping coefficients for S0 and A0 mode, an average value for both mode α M = 15,000rad/s and β K 5·10 -8 are added in the model. At the excitation frequency of f = 150kHz, two guided wave modes are present, S0, and A0. The A0 mode is considerably slower than the S0 mode. The S0 mode is dispersive as the A0 mode for the predicted signal without damping coefficients. Moreover, the magnitude for the A0 mode in the MP-FEM is not present with the damping effect. Figure 21 shows the MP-FEM simulation electric signal measured at R-PWAS placed 200mm from the T-PWAS. The predicted signal using the damping coefficients is compared with the experimental results. At the excitation frequency of f = 150kHz, two guided wave modes are present, S0, and A0. The A0 mode is considerably slower than the S0 mode and its magnitude is almost 0 compared to the magnitude of the S0 mode as shown in Fig. 16 . In addition, a good magnitude match is obtained for the first part of the packet for the S0 mode between the experimental and the MP-FEM results. However, for these mass and stiffness proportional coefficient α M = 150kHz and β K = 5·10-s/rad, the MP-FEM magnitude for the A0 mode is smaller than the experiment value, i.e. the damping coefficient is too big to simulate the experimental value of the A0 mode.
As described in our previous work (34) , the material properties are very important on the accuracy of the group velocity and also on the magnitude of the guided Lamb waves. Moreover, the small packet after the S0 wave packet (around 115 μs) is maybe due to the scattering due to the other receiver PWAS attached to the structure (34) . Figure 22 shows image snapshots of the guided wave pattern in the plate taken at 20µs intervals. At t = 20µs, one sees the waves just starting from the T-PWAS. The interaction of the S0 mode waves with the receiver PWAS and the boundaries start to be observable at t = 60µs onwards. Moreover, at t = 60, 100 and 120µs, the SH0 mode is observable. But this mode cannot be caught by this kind of PWAS.
CONCLUSION
This paper has presented an investigation in the use of PWAS to perform SHM of composite structures using tuned guided waves. The paper begins with an introduction of the PWAS transducers and a review of the various ways in which PWAS may detect damage using traveling guided waves, standing waves, and phased arrays.
The mechanical effect of the integration of piezoelectric wafer inside the laminate was discussed using a ASTM D 7137 compression test before and after impact. A dispersion of the results highlighted by the values of standard deviations was found. Regarding the impacts at low energy (15J), the size of the insert has a very slight influence on the behavior of the composite. However, it appears that for relatively high impact energy (up to 50J) stiffness and the tensile strength of the composite are significantly affected. In addition, the size of the insert may have some influence for at high impact energy. Indeed, a slight degradation of mechanical properties for an insert of 20mm was observed. However, no mechanical degradation was observed when the diameter of the piezoelectric wafer is small, i.e. 5mm. Next, we discussed the challenge of guided wave propagation in composite materials and presented some analytical predictions of the dispersion curves which are more complicated that for isotropic metallic materials. It was shown that the wave tuning effect initially identified for metallic materials can be also identified in composite materials.
Expressions were derived from the Rayleigh damping model to compute the Lamb mode attenuation constants. Variation in amplitude of S0 and A0 modes versus the frequency are very important in order to perform an accurate numerical model. It was also found that, because of the anisotropy of the composite material, the directional placement of the PWAS transducers plays an important role in their detection capabilities. The Rayleigh damping model was used to compute the wave damping coefficient for S0 and A0 mode. The multi-modal guided wave propagation was also examined by excitation at 150kHz where both the A0 and S0 modes are present. It was found that the mass and stiffness proportional damping coefficient are different for each mode. The mass proportional damping α M and the stiffness proportional damping β K of S0 mode is bigger than for A0 mode.
Further research needs to be done to better understand the simulation of material damping in guided wave propagation in anisotropic composite materials and the determination of attenuation of dispersive waves for structural health monitoring application. generations from a 7mm PWAS transmitter. ABAQUS S8R shell elements were used with 1mm quadratic mesh. The excitation was 3-count electric voltage at 150kHz.
